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Abstract 
 
In the past decade, optical frequency combs generated by high-Q micro-resonators, or micro-combs, which feature 
compact device footprints, high energy efficiency, and high-repetition-rates in broad optical bandwidths, have led 
to a revolution in a wide range of fields including metrology, mode-locked lasers, telecommunications, RF 
photonics, spectroscopy, sensing, and quantum optics. Among these, an application that has attracted great interest 
is the use of micro-combs for RF photonics, where they offer enhanced functionalities as well as reduced size and 
power consumption over other approaches. This article reviews the recent advances in this emerging field. We 
provide an overview of the main achievements that have been obtained to date, and highlight the strong potential 
of micro-combs for RF photonics applications. We also discuss some of the open challenges and limitations that 
need to be met for practical applications. 
 
I. INTRODUCTION 
 
Radio-frequency (RF) photonics, which merges photonic technologies with microwave or millimeter wave 
(MMW) engineering, has been widely used for many applications in telecommunications, radar, metrology, 
sensing, testing and imaging [1-3]. The history of RF photonics can be traced back to the 1970’s [4]. In parallel 
with fibre optics advances, the development of techniques for the transmission and processing of wide-bandwidth 
analogue RF signals using photonics technologies has been very active and fast-growing in the last few decades. 
These two fields complement each other and offer revolutionary new technologies for the information age. 
Optical frequency combs (OFCs), which are often referred to as optical rulers since their spectra consist of a 
precise sequence of discrete and equally spaced spectral lines that represent precise marks in frequency, has 
revolutionized the fields of optical metrology and synthesis since the first demonstration in 2000 [5-7]. Fully 
stabilized OFCs solved the challenge of directly measuring optical frequencies and are now exploited as the most 
accurate time references, ready to replace the current standard for time [8]. Their importance was recognized 
worldwide with the 2005 Nobel Prize awarded to T. W. Hänsch and J. Hall for their breakthroughs [9]. Since then, 
the applications of OFCs have been extended to a much wider scope, from spectroscopy [10-13], optical clocks 
[14, 15], to quantum optics [16-18], telecommunications [19, 20], and RF photonics [21-23]. However, increasing 
challenges have emerged as the specific requirements in these expanding applications become more demanding 
and cannot be fully met by OFC generation methods based on mode-locked Ti:Sapphire or fibre lasers. In RF 
photonics, for instance, both high repetition rates (>10 GHz) and flexibility in tuning independently the repetition 
rates and central frequencies are required for applications to arbitrary waveform generation [21, 24], but these 
requirements cannot easily be met by solid state or fibre lasers.  
Recent advancements in the fabrication of optical micro-resonators with ultrahigh quality (Q) factors have 
opened up promising new avenues towards realising new types of OFC sources. OFCs generated by high-Q micro-
resonators, or so-called “micro-combs”, typically feature compact device footprints, high energy efficiency, and 
high-repetition-rates in broad optical bandwidths, which offer new possibilities in a wide range of fields such as 
metrology [25-27], mode-locked lasers [28-31], telecommunications [32-35], RF photonics [36-39], and quantum 
optics [40, 41]. While micro-combs have been the subject of several reviews [42-47], here we focus on their role 
in RF photonics. More specifically, we use the term “RF photonics” to delineate a subset of photonic technologies 
that is utilized to detect, distribute, process, frequency translate, and switch optical signals in the RF, microwave, 
and MMW frequency regions. We review exciting new developments in the field of micro-comb based RF 
photonics, with a perspective on both their strong potential as well as on open questions and challenges that still 
remain. 
This paper is structured as follows. The generation of micro-combs, in terms of modelling and principles, as 
well as devices and their fabrication, is presented in Section II. In Section III, we review recent work in RF 
photonics based micro-combs, including RF photonic oscillators for microwave and MMW generation, optical 
true time delay lines for phased array antennas, RF photonic filters, and multi-functional RF photonic processors. 
The open challenges and limitations of RF photonics based on micro-combs are discussed in Section IV, followed 
by conclusions in Section V. 
 
II. OPTICAL MICRO-COMBS 
 
1. Micro-comb platforms 
 
Optical micro-combs  were first demonstrated in 2007 [48], while the first reports based on photonic integrated 
platforms followed in 2010 [49-52]. To date, dielectric micro-resonators made from a variety of materials, 
platforms, and structures for the generation of micro-combs have been reported [51]. Figure 1 shows a range of 
micro-resonator platforms for which micro-comb generation has been reported, ranging from silica, magnesium 
and calcium fluorides (MgF2 and CaF2), to silicon, silicon nitride (Si3N4), high-index doped silica (Hydex) glass, 
aluminium nitride (AlN), and diamond. The device structures include bulk and monolithic toroids, spheres, as 
well as integrated ring resonators. Most of the devices are based on whispering gallery mode (WGM) [53, 54] 
resonances and have the common feature of possessing exceptionally high Q factors. Generally speaking, the ideal 
micro-comb must be well tailored to a particular application, and devices based on different materials and 
architectures each have their advantages for micro-comb generation and/or are better suited in specific 
applications. Table 1 compares the key parameters of a range of devices for micro-comb generation from the 
visible to mid-infrared (MIR) wavelengths.  
 
 
Fig. 1. Dielectric micro-resonators made from a variety of materials and various structures used for the generation of 
micro-combs. (a) silica toroid [48]. (b) silica sphere [55]. (c) silica rod [56]. (d) magnesium fluorides toroid [57]. (e) 
calcium fluorides toroid [58]. (f) silicon microring resonator [59]. (g) silicon nitride microring resonator [50]. (h) Hydex 
microring resonator [49]. (i) aluminium nitride microring resonator [60]. (j) diamond microring resonator [61].  
 
TABLE I     KEY PARAMETERS OF DEVICES USED FOR MICRO-COMB GENERATION  
Material 
n2 * 
(m2W−1) 
Structure 
Q 
 factor 
Comb 
spacing 
Wavelength range References 
SiO2 2.6×10–20 toroid 108 ~375 GHz 1200 ~ 1700 nm [48] 
SiO2 2.6×10–20  toroid 2×108 ~375 GHz 990 ~ 2170 nm [36] 
SiO2 2.6×10–20  sphere 2×107 ~427 GHz 1450 ~ 1700 nm [55] 
SiO2 2.6×10–20  rod 5×108 ~32.6 GHz 1510 ~ 1610 nm [56] 
MgF2 1×10–20 toroid ~109 ~35 GHz 1533 ~ 1553 nm [62] 
MgF2 1×10–20 toroid >109 10−110 GHz 2350 ~ 2550 nm [63] 
MgF2 1×10–20 toroid ~1010 Non-uniform 0.36 ~ 1.6 μm [64] 
CaF2 3.2×10–20 
truncated 
sphere 
6 × 109 ~13 GHz 1545 nm ~ 1575 nm [65] 
CaF2 3.2×10–20 
truncated 
sphere 
3 × 109 ~23.78 GHz near 794 nm [66] 
Hydex 1.15×10–19 ring 1.2 ×106 0.2−6 THz 1400 ~ 1700 nm [50] 
Hydex 1.15×10–19 ring 1.5 ×106 ~49 GHz 1460 ~ 1660 nm [67] 
Si3N4 2.5 × 10–19 ring 5 ×105 ~403 GHz 1450 ~ 1750 nm [50] 
Si3N4 2.5 × 10–19 ring 105 ~226 GHz 1170 ~ 2350 nm [68] 
Si3N4 2.5 × 10–19 ring 2.6 ×105 ~977.2 GHz 502 ~ 580 nm [69] 
Si3N4 2.5 × 10–19 ring 1.7 ×107 ~25 GHz 1510 ~ 1600 nm [70] 
Si 6 × 10–18 ring 5.9 × 105 ~127 GHz 2.1 ~ 3.5 μm [59] 
AlN (2.3 ±1.5) ×10–19 ring 6 × 105 ~370 GHz 1450 ~ 1650 nm [71] 
AlN (2.3 ±1.5) ×10–19 ring 6 × 105 ~369 GHz near 517 & 776 nm [60] 
Diamond (8.2 ±3.5) ×10–20 ring ~106 ~ 925 GHz 1516 ~ 1681 nm [61] 
 
* The Kerr coefficient n2 of different materials here are the measured values around 1550 nm, detailed information can be seen 
in Refs.[50, 52, 61, 63, 71-74]. 
 
 
Silica micro-toroids (Fig. 1(a)) were used in the first demonstration of optical micro-combs [48]. Although 
silica’s Kerr nonlinearity is not high (n2 = ~2.6 × 10–20 m2W−1) [52], its extremely low material absorption – both 
linear and nonlinear – over a broad wavelength range from the visible to the MIR allows for extremely high Q 
factors of up to 5 × 108 [75, 76]. Micro-spheres (Fig. 1(b)) can achieve even higher Q factors up to 1010 [77, 78], 
although they have many more degenerate modes, which is undesirable for controlling mode crossing – an 
important parameter in comb formation [36, 48, 79]. Micro-rod resonators (Fig. 1(c)) have Q factors comparable 
to micro-toroids, and are typically fabricated by using a CO2 laser to shape and polish silica rods [56]. 
The transparency window of crystalline materials such as MgF2 and CaF2 extends from the ultraviolet (~160 
nm) to the MIR (~7 μm), which is even broader than fused silica, where the absorption increases significantly 
beyond 2.2 μm [63]. Figures 1(d) and (e) show the micro-toroids made from MgF2 and CaF2, respectively. For 
wavelengths longer than 1440 nm, MgF2 has anomalous group velocity dispersion, which facilitates phase 
matching and reduces the threshold of hyper-parametric oscillation for comb generation. The relatively small 
thermo-refractive coefficient of MgF2 also increases the threshold of the thermo-optical instabilities and the 
stability of phase locking. The thermo-refractive and thermal-expansion coefficients of MgF2 are both positive at 
room temperature, which allows the cavity mode to be thermally self-locked and enables the stabilization of the 
micro-comb repetition rate and offset frequency [38, 62-64]. On the contrary, materials with negative coefficients, 
such as CaF2, suffer from high thermal oscillatory instabilities and usually require active mode-locking schemes 
[63]. Since thermal reflow cannot be used for crystalline materials, grinding and polishing techniques are 
employed to obtain the smooth surfaces [80, 81] necessary to achieve Q factors as high as 1011 in CaF2 resonators 
[82]. Recently, other metal difluorides such as barium fluoride (BaF2) and strontium fluoride (SrF2) have also been 
investigated for ultrahigh-Q resonators as well as micro-comb generation [81, 83, 84]. 
Silicon is the foundation of the integrated photonics industry, largely because of its synergy with computer 
chip technology (complementary metal–oxide–semiconductor (CMOS)) [85]. Its refractive index (nSi = ~3.48), 
higher than silica (nSiO2 = ~1.44) or silicon nitride (nSi3N4 = ~1.98), allows tight mode confinement within compact 
device footprints of 10’s to 100’s of microns [86-88], which, when combined with a high Kerr coefficient (n2 = ~6 
× 10–18 m2 W−1), yields extremely high nonlinear parameters (γ) of 300,000 W–1 km–1 [74]. However, silicon suffers 
from strong two photon absorption (TPA) in the telecommunications band, leading to a very low nonlinear figure 
of merit (FOM = n2/(βTPA × λ), where βTPA is the TPA coefficient and λ is the wavelength) of only ~0.3 [52]. This 
limit intrinsically arises from the silicon’s band structure, and cannot be compensated for by engineering 
waveguide dimensions. In the MIR wavelength range, however, silicon is transparent to both one- and two-photon 
transitions, and thus it is a highly attractive platform for nonlinear photonics in this band. Figure. 3(f) shows a 
silicon microring resonator (MRR) used for MIR micro-comb generation [59], where a high Q factor of 5.9 × 105 
was achieved by using etchless fabrication methods, and a p-i-n junction was employed to sweep out the free 
carriers generated by three (and higher) photon absorption. 
The low FOM of silicon in the telecommunication band was the motivation for developing alternate CMOS-
compatible platforms for nonlinear optics, including silicon nitride, Hydex glass, amorphous silicon, silicon-rich 
nitride, and so forth [52]. Among them, silicon nitride and Hydex have been widely used for on-chip generation 
of optical micro-combs. 
Silicon nitride (Si3N4), a CMOS-compatible material widely used as a dielectric insulator in computer chips, 
was proposed as a platform for nonlinear integrated optics in 2007 [89]. Its Kerr coefficient (n2 = ~ 2.5 × 10–19 m2 
W−1 [50]) is an order of magnitude higher than fused silica while the TPA coefficient (βTPA) is negligible in the 
telecommunications band, thus yielding a FOM >>1 [52]. However, its tensile film stress makes it challenging to 
grow layers thicker than 400 nm without cracks [90]; this is a problem since much thicker layers are needed for 
high mode confinement and for phase matching via dispersion engineering [90, 91]. Nonetheless, in 2010, Si3N4 
MRRs over 700-nm thick (Fig. 3(g)) and with Q factors of the order of 105 were realised for micro-comb 
generation [50]. They were fabricated by using a thermal cycling process of low-pressure chemical vapour 
deposition (LPCVD). To control film stress and prevent cracking, other approaches such as introducing 
mechanical trenches [90] or using a photonic damascene process based on substrate topography [91] have also 
been proposed and used to achieve Si3N4 film thicknesses of 910 nm and 1.35 μm, respectively. By exploiting 
mode interactions between coupled Si3N4 MRRs, Kerr frequency combs have been generated even in 300-nm-
thick Si3N4 devices with normal dispersion [44, 92-96]. Also, nonlinear processes such as second-harmonic 
generation (SHG), sum-frequency generation (SFG), and third-harmonic generation (THG) have been utilized to 
extend Si3N4 micro-combs into the visible range where the large normal material dispersion typically dominates 
[69, 96, 97]. 
Hydex was developed as a CMOS compatible optical platform for linear optics starting in the early 2000’s 
[98] and applied to nonlinear optics in 2008 [99]. Its success as a nonlinear optical platform [31, 40, 49, 52, 99, 
100] can be attributed to its ultralow linear loss (~5−7 dB·m−1), a sufficiently higj nonlinear parameter (γ = ~233 
W−1∙km−1, 200 times that of standard single-mode telecommunication fibres), and in particular a negligible 
nonlinear loss up to extremely high intensities (~25 GW∙cm−2). Its refractive index (n = ~1.5−1.9) is slightly lower 
than that of Si3N4 and considerably lower than Si, and so buried waveguide geometries are typically used rather 
than nanowires. Nonetheless, the core-cladding contrast (typically ~17%) is still high enough to allow relatively 
tight bend radii down to ~20 μm. Its Kerr coefficient is ~1.15 × 10–19 m2 W−1 [52], or about 5x silica. Figure 3(h) 
shows a schematic of a Hydex MRR used for micro-comb generation, with a Q factor of 1.2 × 106 [49]. 
Other integrated platforms, such as aluminium nitride (AlN) and diamond, are not CMOS compatible but are 
still powerfully suited for micro-comb generation. Aluminium nitride (AlN), with a Kerr coefficient ((2.3 ± 1.5) 
× 10–19 m2 W−1 [71]) comparable to Si3N4 and Hydex, is non-centrosymmetric and so has both second- and third-
order optical nonlinearities (χ(2) and χ(3)) that have been conveniently used for micro-comb generation at both near 
infrared (NIR) and visible wavelengths [60, 71]. Its high thermal conductivity (285 W/m·K, about 100 times 
higher than  Si3N4 [71]) greatly improves heat dissipation and enhances the robustness of micro-combs at high 
optical powers. Figure 3(i) shows an AlN MRR used for micro-comb generation in the visible wavelengths [60], 
with a Q factor of ~600,000. Diamond, first proposed as a platform for micro-comb generation in 2014 [61], has 
a relatively high refractive index (n = ~2.4) and low absorption loss from the ultraviolet to the far-infrared (FIR), 
with a Kerr nonlinearity of n2 = (8.2 ± 3.5) × 10–20 m2 W−1 in the telecommunications band. Its large bandgap of 
5.5 eV make it exempt from TPA not only in the NIR but also at visible wavelengths. Its high thermal conductivity 
and low thermo-optic coefficient also enable high power handling capabilities and result in micro-combs which 
are temperature-stabilized over a wide wavelength range. Figure 3(j) shows a diamond MRR used for micro-comb 
generation [61], with a Q factor of ~106.  
 
2. Modeling and principles 
 
Figure 2 shows a schematic illustration of micro-comb generation. The physics underlying the generation of 
micro-combs is the same for all platforms, and is based on optical parametric oscillation (OPO) [101, 102], with 
parametric gain provided by the Kerr nonlinearity χ(3). Like other types of oscillators [103], there needs to be 
enough gain in the resonant cavity to overcome the cavity loss so that oscillation can occur. The entire OFC 
generation process can be divided into two stages: the first is hyper-parametric oscillation [49], also referred to as 
modulation instability (MI) in fibres [104], related to the generation of initial new frequency components in a 
resonant cavity that contains only a pump and low-level noise. When a nonlinear cavity is resonantly excited by 
a high-power continuous-wave (CW) pump light, two pump photons at a frequency of ωp annihilate, generating a 
signal and idler photon at frequencies of ωs and ωi, respectively. Energy conservation yields: 
2𝜔𝑝 =  𝜔𝑠 + 𝜔𝑖 .    (1) 
This process amplifies the noise parametrically (with increasing pump power) until the round-trip gain exceeds 
the loss, at which point hyper-parametric oscillation occurs. Unlike cascaded four-wave mixing (FWM), hyper-
parametric oscillation occurs at the micro-cavity resonance nearest to the parametric gain maximum. Generally, 
this is not the resonance adjacent to the pump, but rather is determined by the MI gain peak, which depends on a 
series of factors including dispersion, pump wavelength, pump power, Kerr nonlinearity, as well as linear and 
nonlinear losses. Once hyper-parametric oscillation occurs, both the lasing wavelength and the pump power in the 
resonator become clamped. Then in the second stage, by further increasing the pump power, other oscillating 
modes can be amplified and a process of cascaded FWM can be initiated to generate a series of wavelengths at 
multiples of this spacing. Rich nonlinear dynamics occur in the second stage, including chaos, breathing, sub-
comb formation, and mode-locking transitions [46, 51, 57, 72, 105-107].  
 
 
 
Fig. 2. Schematic illustration of micro-comb generation. A high-power pump is converted into a broadband OFC after going 
through a high-Q nonlinear micro-resonator. 
 
          The modeling of Kerr micro-comb dynamics can be dealt with in two ways – either by spectro-temporal 
approaches using coupled-mode equations (CMEs) [102, 108], or by spatio-temporal approaches using the 
Lugiato-Lefever equations (LLEs) [109-112]. Here, we focus on the latter, which have been widely used for the 
modeling and analyses of comb dynamics such as MI, chaos, and temporal cavity solitons. 
 The derivation of the LLE starts from the Ikeda map [113] that involves the nonlinear Schrödinger (NLS) 
equation, which describes the evolution of the slowly varying envelope of the electric field over consecutive 
round-trips in the resonator. The Ikeda map can be obtained by considering the evolution of the field during each 
round-trip in the cavity, which requires a partitioning of the temporal duration of the electric field so that it 
coincides with the round-trip time. Assuming a single spatial mode and monochromatic driving, the relations 
between the fields at different round trips can be described by [46, 110]: 
𝐸(𝑚+1)(0, 𝜏) = √1 − κ𝐸𝑖𝑛 + √𝜅𝐸
(𝑚)(0, 𝜏)exp (𝑖𝜃0),    (2) 
𝜕𝐸(𝑧,𝜏)
𝜕𝑧
= −
𝛼𝑖
2
𝐸 + 𝑖 ∑
𝛽𝑘
𝑘!
(𝑖
∂
𝜕𝜏
)
𝑘
𝑘≥2 𝐸 + 𝑖𝛾|𝐸|
2𝐸. 
   (3) 
Here E(m) (z, τ) is the intracavity field during the mth round-trip, where z is the longitudinal coordinate along the 
resonator and τ is time expressed in a reference frame - moving with the group velocity of light at the driving 
frequency ω0. Ein is the external driving field, and κ is the power coupling coefficient of the input/output coupler. 
L is the round-trip length of the resonant cavity, and θ0 is the linear phase accumulated over each round-trip. αi is 
the linear absorption coefficient of the resonator, γ is the nonlinear parameter, and βk = dkβ/dωk|ω=ω0 are the Taylor 
series expansion coefficients of the resonator propagation constant β(ω) at ω0. 
       For micro-resonators with low cavity loss, the intracavity field exhibits negligible evolution over a single trip. 
Then, Eqs. (2) and (3) can be averaged into a single mean-field LLE expressed as [110, 114]: 
𝑡𝑅
𝜕𝐸(𝑡,𝜏)
𝜕𝑡
= [−𝛼 − 𝑖𝛿0 + 𝑖𝐿 ∑
𝛽𝑘
𝑘!
(𝑖
𝜕
𝜕𝜏
)
𝑘
𝑘≥2 + 𝑖𝛾|𝐸|
2𝐿] 𝐸 + √1 − 𝜅𝐸𝑖𝑛. 
   (4) 
In Eq. (4), tR is the round-trip time, α = (αiL + 1 − κ) / 2 is the total cavity loss, and δ0 = 2πN − θ0 is the phase 
detuning of the driving field with respect to the closest linear resonance with an order of N. t describes the slow 
time of the cavity related to the number of round-trips m as E(t = mtR, τ) = E(m)(z = 0, τ) . Hence, the field varies 
with t for timescales longer than the round-trip time tR. By normalizing some of the variables and neglecting 
high-order dispersion (βk = 0 for k ≥ 3), Eq. (4) can be further written as [44, 115]:  
𝜕𝐸(𝑡′,𝜏′)
𝜕𝑡′
= [−1 + 𝑖(|𝐸′|2 − Δ) − 𝑖𝜂
𝜕2
𝜕𝜏′
2] 𝐸
′ + 𝑆.    (5) 
where t' = αt/tR, τ' = τ √2α/(|𝛽2|L) , E' = E √𝛾𝐿/α , Δ = δ0 / α, dk = Lβk  [√2α/(|𝛽2|L)]
k /(αk!), S = 
Ein√𝛾𝐿(1 − 𝜅)/α3, and η = sign (β2). For an input CW pump Ein, the solutions of Eq. (5) correspond to the CW 
steady state, at which ∂E'/∂τ' = 0 and Eq. (5) can be simplified as:   
[1 + 𝑖(Δ − |𝐸′|2)]𝐸′ = 𝑆.    (6) 
For X = |S|2 and Y= |E'|2 that denote the normalized pump and stationary intracavity power, respectively, Eq. (5) 
reduces to the well-known steady-state cubic equation of dispersive optical bistability [115, 116] : 
𝑋 = 𝑌3 − 2Δ𝑌2 + (Δ2 + 1)𝑌.    (7) 
In Fig. 3(a), we plot the curves Y(X) for different values of Δ. One can see that Y(X) is single valued for Δ ≤ √3, 
whereas for Δ ≥ √3, it has an S-shape, similarly to a bistable hysteresis cycle. Figure 3(b) presents the curves 
Y(Δ) for different values of X. One can see that the cavity resonance is displaced and that the cavity response 
becomes multi-valued when X becomes sufficiently large, which corresponds to the nonlinear Kerr-tilt of the 
cavity resonance towards positive detuning for a constant pump power.  
 Fig. 3. Micro-comb dynamics simulated by LLE. (a) Intracavity power Y as a function of the normalized pump power X for 
different values of cavity detuning Δ = 1, 2, 3. (b) Intracavity power Y as a function of cavity detuning ∆ for different 
normalized pump values X = 0.3, 1, 3, 6, 9, 12.  
 
As discussed in detail elsewhere [44, 46, 51, 115], when the detuning ∆ is adiabatically ramped along the 
tilted cavity response (mirroring the experimental process of detuning the laser frequency through the resonance 
from blue to red wavelengths), different types of solutions for Eq. (7) correspond to different regimes of comb 
dynamics, including primary combs, chaos, and cavity solitons. The analysis of the solutions of Eq. (7) and their 
bifurcations provides significant insights into both the comb characteristics and formation dynamics. 
The primary combs, also called roll patterns, correspond to the initial state of comb formation that emerges 
from noise after breakdown of an unstable flat background via MI. When the power of the CW pump is above a 
certain threshold, the comb formation initiates, leading to the generation of primary sidebands separated from 
the pump by multiple free spectral ranges (FSRs). This state preferably occurs in the regime of anomalous 
dispersion, but it can also be sustained in the normal dispersion, although under very marginal conditions [112, 
117].  
Chaotic behaviour can be generated by destabilizing the primary combs, when comb becomes single-FSR 
spaced and the amplitudes evolve chaotically. The Kerr comb features many spurious modes that are subjected 
to fluctuations over timescales of the order of a photon lifetime. Chaos can also be induced by unstable solitons, 
where the Kerr comb is characterized by the pseudorandom emergence of very sharp and powerful peaks, which 
can be used for the generation of optical Rogue waves [118, 119]. However, since the pseudo-random spectra of 
chaotic combs are nonstationary and only partially coherent, they are not the most suitable micro-combs for 
applications where high coherence is required. 
Cavity solitons result from balances between both nonlinearity and dispersion, and between gain and 
dissipation. In the spectral domain, Kerr combs corresponding to cavity solitons display up to several hundred 
phase-locked, highly coherent modes, and are the most widely used in practical applications. Various types of 
solitons such as bright [30, 120], dark [93, 121], as well as breathers [106, 122] have also been investigated in 
micro-combs. It should also be noted that solitons are typically not influenced by boundary conditions as long as 
their pulse widths are substantially shorter than the cavity lengths [57, 107]. Therefore, it is possible to 
simultaneously excite several solitons inside the same resonator, and they can remain uncoupled given that their 
pulse widths remain much shorter than the separation between them. 
  
III. RF PHOTONICS BASED ON MICRO-COMBS 
 
RF photonics, which deals with applications in the RF to microwave and MMW range using photonic technologies, 
has found wide applications in wide-bandwidth analogue signal transmission, control of phased arrays, analogue-
to-digital conversion, spectral filtering, and RF signal processing [1-3, 123-125]. RF photonic techniques are 
typically implemented through the modulation of optical carriers with the RF signals to be processed, then 
manipulating the modulated optical signals with low-loss photonic approaches and converting the processed 
optical signals back to the RF regime [3, 126]. Owing to compact device footprints and large number of available 
wavelength channels, micro-combs offer powerful new ways to achieve RF signal generation, filtering, and 
processing with reduced cost and improved performance.  
 
1. RF photonic oscillators 
 
Microwave and MMW sources are key elements for wireless communications systems, metrology, radar, radio 
astronomy, satellites, GPS navigation, spectroscopy [24, 127]. In practical applications, RF sources with low phase 
noise and high spectral purity are highly desirable. Electronic oscillators draw their spectral purity from the high 
Q factors of the resonators in their circuits, which significantly degrade at 10 to 100 GHz and beyond [38]. In 
contrast, RF photonic oscillators can be used for generating microwave and MMW signals with frequencies 
limited only by the bandwidth of the photodetector (PD), typically achieving the highest spectral purity at a 
microwave frequency [22, 128]. A state-of-the-art approach to RF signal generation is based on optical frequency 
division, where the beat note of a stabilized OFC interacting with a mode-locked laser is detected, generating a 
spectrally-pure RF signal [22, 128, 129]. A key drawback of these RF photonic oscillators is that they are generally 
bulky and complex, which significantly limits their use outside the laboratory [38, 128], while micro-combs hold 
great promise for transforming these lab-scale oscillators to the chip-scale level. 
The high potential of micro-combs in implementing compact RF photonic oscillators has been recognized 
even since their early demonstration [79, 130]. By using a fast photodiode to detect the beat note of a phase-locked 
micro-comb, stable and spectrally pure RF signals can be obtained. Early experiments showed that the phase noise 
of the RF signal generated by a free-running micro-comb is comparable to an open-loop, high-performance 
electronic RF oscillator [37]. Subsequently, detailed studies on the phase noise of micro-combs were conducted 
by A. Matsko and L. Maleki, et al [38, 131-134]. They found that the phase noise of the micro-comb beat note is 
affected by several parameters, including the intensity noise of the pump laser, the Q-factor of the micro-resonator, 
thermal fluctuations, pump-resonance detuning, shot noise, and the comb mode-locking mechanism.  
 
 Fig. 4. RF photonic oscillator based on an MgF2 micro-comb. (a) Schematic diagram of the setup of the RF photonic oscillator 
based on optical hyper-parametric oscillation in an MgF2 crystalline WGM resonator. (b) Spectrum of the generated microwave 
signal measured with 1-kHz span and 9-Hz resolution bandwidth. (c) Spectrum of the micro-comb for generating the 
microwave signal. (d) Phase noise of the 1-GHz RF signal generated by the micro-comb without (red line, (1)) and with (blue 
line, (2)) a narrow-band RF filter placed after the PD. Curves (3), (4), and (5) theoretically describe thermo-refractive noise, 
quantum noise, and sensitivity of the phase noise measurement system, respectively. Inset shows the Allan deviation of the RF 
signal. Adapted from Ref. [38]. 
 
Figure 4 shows experimental results of an RF photonic oscillator based on a broadband phase-locked micro-
comb from an MgF2 WGM resonator with an intrinsic Q factor of ∼5 × 109 [38]. Figures 4(a) and (b) depict a 
schematic of the setup, along with the RF spectrum of the generated 9.9-GHz microwave signal. The optical 
spectrum of the micro-comb used to generate the microwave signal is shown in Fig. 4(c). The pump laser was a 
semiconductor DFB laser, with the frequency locked to a selected resonator mode through self-injection locking. 
The temperature of the resonator was stabilized to milli-Kelvin (mK) levels. A drop port was used to retrieve the 
comb for microwave generation [38]. Due to the resonator’s filtering property, the noisy steady-state background 
from the pump laser can be suppressed by using the drop port. The measured single sideband power spectral 
density of the microwave phase noise is −60 dBc/Hz at 10 Hz, −90 dBc/Hz at 100 Hz, and −170 dBc/Hz at 10 
MHz, as shown in Fig. 4(d). The Allan deviation of the signal is 10−11 at an integration time of 1s. Such a 
performance is superior to chip-scale laser-based RF photonic oscillators. The phase noise at small offset 
frequencies below 1 kHz is limited by fluctuations of the resonator frequency. The noise floor above 10 MHz is 
limited by shot noise, which can be further reduced by inserting a narrow-band RF filter after the PD. For 
intermediate frequencies from 1 to 10 MHz, the phase noise is mainly induced by a transfer of the laser relative 
intensity noise onto the microwave phase modulation through comb dynamics. The theoretical limits resulting 
from quantum vacuum fluctuations and thermodynamic fluctuations of the resonator temperature and volume are 
also shown in Fig. 4(d). By employing a better thermal and mechanical stabilization of the system and reducing 
the laser relative intensity noise, the spectral purity could be further improved. 
 Fig. 5. Multi-frequency RF photonic oscillator based on an MgF2 micro-comb. (a) Experimental setup including the side-of-
fringe laser locking loop used to probe the different Kerr comb patterns generated in the MgF2 resonator. In red: optical path; 
In green: RF path; In blue: low frequency path for the locking loop. WGMR: WGM resonator. PC: polarization controller. 
VOA: variable optical attenuator. OC: optical fibre coupler. O-scope: oscilloscope. PID: proportional-integral-derivative 
controller. OSA: optical spectrum analyser. ESSA: electrical signal and spectrum analyser. (b) Spectra of the RF signals 
generated by different combs corresponding to different optical modes of the MgF2 WGMR. A: 6 GHz, B: 12 GHz, C: 18 
GHz, D: 24 GHz, E: 30 GHz, F: 36 GHz.  (c) Phase noise spectra of the main beat notes of the different RF signals in (b). 
Adapted from Ref. [135]. 
 
In another report of an RF photonic oscillator based on micro-combs [135], an MgF2 WGM disk-resonator 
with a 12-mm diameter was used to generate RF signals at a range of frequencies. The intrinsic and loaded Q 
factors were 6×108 and 1.6×108, respectively. The experimental setup is shown in Fig. 5(a). The blue slope of the 
identified optical mode was probed by using the side-of-fringe laser locking technique, where the partially-
resonant laser frequency changes were translated into intensity changes and then fed back to the laser to stabilize 
it on the required mode slope. Figure 5(b) shows the spectra of the RF signals generated by the Kerr combs with 
different comb spacings of ~6 GHz (A), ~12 GHz (B), ~18 GHz (C), ~24 GHz (D), ~30 GHz (E), and ~36 GHz 
(F), respectively. These various patterns of Kerr combs were generated and identified while the laser was gradually 
tuned through the resonance in the identified optical mode of the MgF2 WGM resonator. The translation from one 
pattern to another depended on the laser-mode locking state. Both combs used to generate RF signals A and B 
were not pure primary combs, whereas for the combs used to generate RF signals C, D, E, and F, the generated 
combs were genuinely primary. The measured phase noise spectra of the RF signals in Fig. 5(b) are given in Fig. 
5(c), along with the obtained RF power for the generated signals. These phase noise results confirm the better 
performance for purely primary combs. For the generated RF signals with frequencies over 10 GHz (C, D, E, F), 
phase noise levels below −100 dBc/Hz at a frequency offset of 10 kHz with respect the different carriers were 
obtained.  
 
  
2. RF photonic true time delay lines 
 
In modern radar and communications systems, RF photonic true time delay lines (TTDLs), which introduce 
multiple progressive time delays by means of RF photonic technologies, are basic building blocks with wide 
applications in phased array antennas (PAAs), RF photonic filters, analog-to-digital or digital-to-analog 
conversion, and arbitrary waveform generation [136, 137]. For RF photonic TTDLs, increasing the number of 
delay channels can lead to a significantly improved performance. For instance, in PAAs, the number of radiating 
elements determines the beamwidth, and so an improved angular resolution can be achieved by increasing the 
channel number [138]. Consequently, RF photonic TTDLs with a large number of channels are highly desirable 
for PAAs with high angular resolution. In conventional methods, discrete lasers arrays [139, 140] or FBG arrays 
[138] are employed towards implementing multiple OTTD channels, where system cost and complexity are 
significantly increased with the rising channel number, thus greatly limiting the number of available channels in 
practical systems. In contrast, for a broadband Kerr optical micro-comb generated by a single micro-resonator, a 
large number of high-quality wavelength channels can be simultaneously provided for the RF photonic TTDL, 
thus greatly reducing the size, cost, and complexity of the system.  
  
 
Fig. 6. RF photonic TTDLs based on Hydex micro-comb sources. (a) Schematic diagram. MRR: micro-ring resonator. MZM: 
Mach-Zehnder modulator. (b) Measured time delay responses of a 21-channel TTDL with (i) 4-km-long dispersive SMF and 
(ii) 2-km-long dispersive SMF. (c) Measured time delay responses of an 81-channel TTDL with (i) 4-km-long dispersive SMF 
and (ii) 2-km-long dispersive SMF.  Inset in (b) and (c) show the flat delays over a wide RF frequency range. 
Figure 6(a) shows a schematic diagram of a multi-channel RF photonic TTDL with a micro-comb source. 
The OTTD is constructed with three modules. The first module generates the micro-comb with a large number of 
wavelength channels using a micro-resonator. The second module shapes the micro-comb and directs it to a Mach-
Zehnder modulator (MZM), where replicas of the input RF signal are generated on each wavelength to establish 
multiple RF channels. After that, time delays were introduced between those RF channels by dispersive elements 
in the third module. The measured time delay responses of a 21-channel RF photonic TTDL based on the micro-
comb generated by a Hydex MRR with a FSR of ~200 GHz are shown in Fig. 6(b). We adopted two different 
lengths of the dispersive single mode fibre (SMF), and got two different delay steps of ~118 ps/channel and ~59 
ps/channel. As shown in Fig. 6(c), we also measured the time delay responses of an 81-channel RF photonic 
TTDL based on the micro-comb generated by another Hydex MRR with a FSR of ~49 GHz and got two different 
delay steps of ~29.6 ps/channel and ~14.8 ps/channel. The time delay steps were jointly determined by the 
frequency spacing of the generated comb and the accumulated dispersion of the single mode fibre (SMF), so that 
we got four different delay steps in Figs. 6(b) and (c). 
One of the important applications of an RF photonic TTDL is in phased array antenna ( PAA) systems, where 
optical signals on selected channels are separately converted into the electrical domain and fed to an antenna array 
to form radiating elements. Considering that the antenna array is a uniformly spaced linear array with an element 
spacing of dPAA, the steering angle θ0 of the PAA can be given as [141] 
 θ0= sin
−1 c∙τ
dPAA
,                                                                         (8) 
where c is the speed of light in vacuum, and τ = mT (m = 1, 2, 3, …) is the time delay difference between adjacent 
radiating elements, with T denoting the time delay difference between adjacent channels. The steering angle can 
be tuned by adjusting τ, i.e., by changing the length of the dispersive medium or simply selecting every mth channel 
as radiating elements. The corresponding array factor (AF) of the PAA can be expressed as [141] 
 AF(θ, λ)=
sin
2
[Mπ(dPAA/λ)(sinθ−c∙mT dPAA⁄ )]
M 2sin
2
[π(dPAA/λ)(sinθ−c∙mT dPAA⁄ )]
                                                 (9) 
where θ is the radiation angle, M is the number of radiating elements, and λ is the wavelength of the RF signals. 
The angular resolution of the PAA is the minimum angular separation at which two equal targets at the same range 
can be separated. It is determined by the 3-dB beamwidth of the PAA, which can be approximated [142] as θ3dB 
= 102 / M, thus indicating that the angular resolution would greatly increase with a larger number of radiating 
elements, and this can be realised via micro-combs that can provide numerous wavelength channels for beam 
steering.  
Figure 7(a) depicts the relationship between the number of radiating elements (M) and the 3-dB beamwidth 
(θ3dB) of the PAA, where smaller beamwidths can be obtained when M increases, therefore suggesting, given the 
large number of available channels provided by the micro-comb based RF photonic TTDL, that the angular 
resolution for the PAA can be greatly enhanced. The improved angular resolution for increased M can also be 
observed in Fig. 7(b), which shows the AFs of the PAA for different M calculated based on Eq. (9). To achieve a 
tunable beam steering angle, we selected every mth (m = 1, 2, 3, …) wavelength of the TTDL by using the 
waveshaper, in such a way that the time delay (τ) between the radiating elements could be varied with a step size 
of T. Figs. 7(c) and (c) show the calculated AFs for m (m = Channel number / M) varying from 1 to 7 based on a 
200-GHz-FSR Hydex micro-comb and varying from 1 to 27 based on a 49-GHz-FSR Hydex micro-comb, 
respectively. As can be seen, on one hand, the 49-GHz-FSR Kerr comb enables a much larger M as m varies, thus 
leading to a much smaller beamwidth and to a greatly enhanced angular resolution. On another hand, finer tuning 
steps (from 1.0° to 14.7°) as well as a large tuning range (142.7°) of the beam steering angle are available due to 
the increased number of m. Moreover, PAAs based on such RF photonic TTDLs can also achieve wide 
instantaneous bandwidths without beam squints (the variation of beam steering angle as a function of RF 
frequency). As indicated in Figs. 7(e) and (f), the beam steering angle remains the same while the RF frequency 
varies. These experimental results confirm that PAAs based on RF photonic TTDLs with micro-comb sources 
feature greatly improved angular resolution, a wide tunable range in terms of beam steering angle, and a large 
instantaneous bandwidth. 
 
Fig. 7. (a) Relationship between the number of radiating elements (M) and the 3dB beamwidth of the PAA. (b) Calculated AFs 
of the PAA with M varying from 4 to 81 based on a 49-GHz-FSR Hydex micro-comb. (c) Calculated AFs of the PAA with m 
varying from 1 to 7 based on a 200-GHz-FSR Hydex micro-comb. (d) Calculated AFs of the PAA with m varying from 1 to 
27 based on a 49-GHz-FSR Hydex micro-comb. (e) Calculated AFs of the PAA with various RF frequencies based on a 200-
GHz-FSR Hydex micro-comb. (f) Calculated AFs of the PAA with various RF frequencies based on a 49-GHz-FSR Hydex 
micro-comb.   
 
3. RF photonic filters 
 
Another key application of RF photonics is RF photonic filters – photonic subsystems that perform equivalent 
functions to those of ordinary RF filters in RF systems. RF Photonic filters offer several competitive advantages 
over their electrical counterparts, including low loss, large filter bandwidths, reconfigurable filter shapes, fast 
tunability, and strong immunity to electromagnetic interference (EMI) [143]. Among the various schemes to 
implement RF photonic filters, tapped delay-line filters, also called transversal filters, have attracted great interest 
due to their high reconfigurability in terms of filtering shapes [23, 24, 144]. In a photonic delay-line filter, discrete 
frequency samples of the optical signal containing the RF modulation are time delayed, weight tailored, summed 
together, and at the end detected by a PD to generate the RF output. This is essentially equivalent to the digital 
filters in signal processing (DSP), but implemented by photonic hardware. The transfer function can be expressed 
as [144]: 
aH(ω) =∑ an N−1 n=0 e
−jωnT ,                                                                        (10) 
where ω is the angular frequency of the input RF signal, N is the number of taps, an is the tap coefficient of the 
nth tap, and T is the time delay between adjacent channels. By employing calculated tap coefficients an on each 
wavelength channel, reconfigurable RF photonic filters with arbitrary spectral transfer functions can be 
implemented. Since the photonic delay-line filters utilize optical dispersive delay lines at different wavelength 
channels as distinctive taps of the delay-line filters, they require a large number of wavelength channels. Further 
increasing that number  can lead to improved performance of RF photonic delay-line filters such as better filtering 
Q factors and time-bandwidth products. OFCs have demonstrated a great potential to meet this requirement [23, 
24]. High-quality, broadband multi-wavelength sources for RF photonic filtering have typically been based on 
mode-locked fibre lasers [145] and OFCs achieved by electro-optical (EO) modulation [23, 146]. Recent 
demonstrations [147] have shown that micro-combs hold particularly significant potential for high-performance 
transversal filtering, offering greatly reduced size, cost, and complexity. 
Xue et al. reported the first demonstration of RF photonic filters based on a micro-comb [147]. The 
experimental setup is shown in Figure 8(a). The Kerr comb generated by a Si3N4 MRR in the Kerr comb generation 
module was tailored by pulse shaper 1 before being launched into the photonic RF filter module. In the photonic 
RF filter section, the tailored comb was split into two branches. One branch was modulated by an RF input signal 
and then tailored by pulse shaper 2. The other branch was passed without change except for a small tunable delay. 
Due to the interference between these two branches, one can selectively suppress unwanted RF passbands by 
programming pulse shaper 2. The optical spectrum of the micro-comb generated by the Si3N4 MRR is shown in 
Fig. 8(b). The comb spacing is ~231.3 GHz, which makes it possible to combine optical and RF filtering to 
suppress unwanted RF passbands including the image and periodic passbands. Figure 8(c) shows the measured 
single-bandpass RF photonic filter when the centre frequency was tuned to 2.5 GHz, 7.5 GHz, 12.5 GHz, and 17.5 
GHz, respectively. The simulation results obtained by assuming that the unwanted passbands are not suppressed 
are also shown. The experimental and simulated results agree well with each other in the designed bandpass 
regions, and all the unwanted passbands are effectively suppressed in the experimental results. Figure 8(d) shows 
the flat-top single-passband RF photonic filters with tunable centre frequency from 2.5 GHz to 17.5 GHz 
implemented by the same micro-comb. The full width at half maximum (FWHM) of the RF passband is about 4.3 
GHz. 
 
 
 
Fig. 8. Single bandpass RF photonic filter based on a Si3N4 micro-comb. (a) Experimental setup. FPC: fibre polarization 
controller. EDFA: erbium-doped fibre amplifier. MZM: Mach-Zehnder modulator. TDL: tunable delay line. SMF: single-mode 
fibre. PD: photodetector. (b) Spectrum of the micro-comb generated by a Si3N4 MRR. (c) RF transfer function when the 
passband is the Fourier transform of a Hamming window and the centre frequency is tuned to (i) 2.5 GHz, (ii) 7.5 GHz, (iii) 
12.5 GHz, and (iv) 17.5 GHz. (d) RF filtering responses when the passband is flat-top and the centre frequency is tuned to (i) 
2.5 GHz, (ii) 7.5 GHz, (iii) 12.5 GHz, and (iv) 17.5 GHz. Adapted from Ref. [147]. 
 
Figure 9(a) shows a schematic diagram of a reconfigurable RF photonic filter based on a micro-comb 
generated by a Hydex MRR. The generated micro-comb was amplified and shaped by a waveshaper to get 
weighted taps according to calculated tap coefficients. To increase the accuracy of comb shaping, a real-time 
feedback control path was adopted to read and shape the comb lines’ power accurately. A 2×2 balanced MZM 
simultaneously modulated the input RF signal on both positive and negative slopes to achieve tap coefficients 
with opposite algebraic signs. Figure 9(b) shows the measured RF amplitude response of an “all-ones” RF filter 
with all tap coefficients set to unity. One can see that the Q factor increases as the tap number passes from 4 to 
14, demonstrating that it can be greatly improved with the large tap number provided by the micro-comb. The 
measured RF amplitude response of a tunable RF bandpass filter with different centre frequencies is shown in 
Fig. 9(c). Tunable centre frequencies from ~25.27% to ~57.98% of the Nyquist frequency were achieved by 
programming the weights of taps based on the Remez algorithm [148]. RF photonic filters based on micro-combs 
can realise versatile filter shapes by programming the tap weights according to calculated tap coefficients. Figures. 
9(d)−(h) show five typical filter shapes achieved by the same RF photonic filter based on the Hydex micro-comb, 
including a half-band highpass filter, a half-band lowpass filter, a band-stop filter, a Nyquist filter, and a raised 
cosine filter. It can be seen that all five filters feature the responses expected from simulations, which confirms 
the high performance and reconfigurability of micro-comb based RF photonic filters. 
 
 Fig. 9. Reconfigurable RF photonic filter based on a Hydex micro-comb. (a) Schematic illustration. TLS: tunable laser source. 
EDFA: erbium-doped fibre amplifier. PC: polarization controller. BPF: optical bandpass filter. TCS: temperature controller 
stage. MZM: Mach-Zehnder modulator. SMF: single mode fibre. OC: optical coupler. PD: photodetector. OSA: optical 
spectrum analyser. VNA: vector network analyser. (b) Measured RF amplitude responses of the all-ones filter with different 
number of taps. (c) measured RF amplitude responses of a bandpass filter with tunable centre frequencies. (d)−(h) Measured 
and simulated RF amplitude responses of half-band highpass, half-band lowpass, band-stop, Nyquist, and raised-cosine filters, 
respectively. 
 
4. RF Hilbert transformer 
 
In section 3.3, we discussed RF photonic delay-line filters based on micro-combs. In the temporal domain, these 
delay-line filters can be properly designed to achieve ultrahigh-speed RF photonic signal processing. In 
comparison with electronic counterparts, RF photonic signal processing technologies can overcome the bandwidth 
bottleneck and perform functions that are very complex or even impossible to realise in the RF domain. Moreover, 
RF photonic signal processing also exhibits other attractive properties, including low loss, high flexibility, and 
strong immunity to EMI, which are crucial for microwave and MMW processing systems [149, 150].   
The distinctive feature of micro-combs for RF photonic signal processing is that they can exhibit large comb 
spacings, which are challenging to achieve for mode-locked lasers and OFCs using EO modulation. For RF 
photonic processors based on micro-combs, the operation bandwidth is theoretically limited by half of the comb 
spacing, or the Nyquist zone [144]. Therefore, the large spacing of micro-combs allows a large Nyquist zone, 
which can be as large as 100’s of GHz − well beyond the processing bandwidth of electronic devices. The high 
reconfigurability of RF delay-line filters also allows versatile processing functions and operation bandwidths. By 
simply programming and shaping the comb lines according to specific tap coefficients, the same setup can be 
employed to achieve multiple processing functions. Note that such a high degree of reconfigurability cannot be 
typically obtained by passive silicon counterparts [87, 151, 152], thus making these multi-functional RF photonic 
processors more suitable for the diverse computing requirements in practical applications. Moreover, since the 
generated comb only serves as a multi-wavelength source for the subsequent transversal filter, in which the optical 
power from different taps is detected incoherently by the photo-detector, achieving rigorous comb coherence is 
not crucial and so these RF photonic processors are able to work under relatively incoherent conditions. 
 
Fig. 10. An RF photonic Hilbert transformer based on a Hydex micro-comb. (a) Optical spectrum of the generated micro-comb 
from 1400 nm to 1700 nm. Inset shows a zoom-in spectrum with a span of ~32 nm and the Hydex MRR employed for 
generating the comb. (b)−(c) Measured optical spectra (red solid) of the shaped optical combs and ideal tap weights (green 
crossing) for the filter with 12 and 20 taps, respectively. (d)−(e) Measured RF amplitude and phase responses of the RF 
photonic Hilbert transformer, respectively. Adapted from Ref.[39]. 
 
An RF photonic Hilbert transformer based on a Hydex micro-comb was demonstrated in 2015 [39], with up 
to 20 taps and more than a 5-octave 3-dB bandwidth. In previous demonstrations of Hilbert transformers based 
on photonic transversal filtering, filter taps were achieved by employing an array of discrete CW laser sources, 
which limited the number of available taps to only four and resulted in less than a 3-octave bandwidth. On the 
other hand, for the Hilbert transformer based on a micro-comb, the wide spectral width and large frequency 
spacing of micro-combs allows for a large number of high-quality filter taps, thus leading to much broader RF 
bandwidths than those typically obtained with standard RF circuits. The spectrum of a Kerr optical comb generated 
by a Hydex MRR with a FSR of ~200 GHz is shown in Fig. 10(a). The shaped optical spectra with 12 and 20 taps 
are presented in Figs. 10(b) and (c), respectively. Figure 10(d) shows the measured RF amplitude frequency 
response for the Hilbert transformer with 12, 16 and 20 taps. All three filters have the same null frequency at 
~16.9 GHz, corresponding to a tap spacing of ~59 ps determined by the delay difference between adjacent comb 
lines. An increased number of filter taps leads to a larger operation bandwidth. The Hilbert transformer with 20 
taps had a 3-dB bandwidth extending from ~0.3 GHz to ~16.4 GHz, corresponding to more than 5 octaves, which 
can be further increased by using more comb lines. Fig. 10(e) presents the measured phase response of the Hilbert 
transformer with different numbers of taps, showing similar responses. Each shows a relatively constant phase of 
near −90° within the pass-band.  
 
Fig. 11. Real-time Hilbert transformation based on a Hydex micro-comb. (a) Schematic illustration of the experimental setup. 
TLS: tunable laser source. EDFA: erbium-doped fibre amplifier. PC: polarization controller. BPF: optical bandpass filter. TCS: 
temperature control stage. MZM: Mach-Zehnder modulator. SMF: single mode fibre. OC: optical coupler. PD: photo-detector. 
OSA: optical spectrum analyser. VNA: vector network analyser. AWG: arbitrary waveform generator. (b) Simulated input and 
output waveforms of the temporal Hilbert transformer with 8, 14, and 20 taps. (c) Measured temporal waveform of a base-
band Gaussian-like input pulse. (d) Measured output waveforms of the input signal in (c) after being processed by the Hilbert 
transformer with 8, 14, and 20 taps. 
 
To further investigate the temporal responses of the Hilbert transformer based on the Hydex micro-comb, we 
used the experimental setup in Fig. 11(a) to perform real-time Hilbert transformation for a base-band Gaussian 
input signal. Figures 11(b) shows the simulated input and output waveforms of the temporal Hilbert transformer 
with 8, 14, and 20 taps. One can see that the deviation between the output waveform and the ideal Hilbert 
transformation is inversely proportional to the number of taps, as reasonably expected. The measured temporal 
waveform of a base-band Gaussian-like input signal produced by an arbitrary waveform generator (AWG) is 
presented in Fig. 11(c), where the output waveforms measured after being processed by the Hilbert transformer 
are shown in Fig. 11(d) . One can see that such waveforms are consistent with their theoretical counterparts, which 
confirms effective temporal Hilbert transformation using the micro-comb based RF photonic processors. 
  
 
Fig. 12. Reconfigurable RF photonic intensity differentiator based on a Hydex micro-comb. (a) Measured and theoretical (i) 
RF amplitude response, (ii) RF phase response, and (iii) temporal output waveform after first-order intensity differentiation. 
(b) Measured and theoretical (i) RF amplitude response, (ii) RF phase response, and (iii) temporal output waveform after 
second-order intensity differentiation. (c) Measured and theoretical (i) RF amplitude response, (ii) RF phase response, and (iii) 
temporal output waveform after third-order intensity differentiation. Adapted from Ref.[153]. 
 
5. RF photonic intensity differentiators 
 
Xu et.al [153] recently reported a reconfigurable RF photonic intensity differentiator based on a Hydex 
micro-comb. The differentiator consists of two main blocks: the micro-comb generation module based on a Hydex 
MRR and a transversal filter module for reconfigurable intensity differentiation. By programming and shaping 
the power of individual comb lines according to a set of tap weights calculated by the Remez algorithm, first, 
second, and third-order, as well as square root intensity differentiation was achieved. Figures 12(a-i), (b-i), and 
(c-i) show the measured and simulated amplitude responses associated to the respective intensity differentiators. 
The corresponding RF phase responses are shown in Figs. 12(a-ii), (b-ii), and (c-ii). It can be seen that all the 
experimental results exhibit the responses expected from ideal differentiation. The deviations can be attributed to 
the tap weight error during the comb shaping, the chirp induced by the MZM, and the third-order dispersion (TOD) 
of the fibre. The simulated and measured temporal output waveforms after the first, second, and third-order 
intensity differentiation for a base-band Gaussian-like input signal are shown in Figs. 12(a-iii), (b-iii), and (c-iii), 
respectively. One can see that the measured waveforms closely match their theoretical counterparts, indicating 
good agreement between experiment and theory. Unlike the field differentiators that yield the derivative of a 
complex optical field [3, 151], waveforms showing differentiations of the intensity profile of the input RF signal 
were observed, indicating that intensity differentiation was indeed successfully achieved. For first-order, second-
order, and third-order differentiation, the calculated root mean square errors (RMSEs) between the measured and 
the theoretical curves are ~4.15%, ~6.38%, and ~7.24%, respectively.  
The micro-comb based transversal signal processor can also be used for square root intensity differentiation, 
for which the spectral transfer function can be expressed as:  
HH(ω) ∝ (jω)0.5,                                                                                 (11) 
where j = √−1, and ω is the angular frequency. Figures 13(a) and (b) show the RF amplitude and phase responses 
of the square root intensity differentiator based on a Hydex micro-comb in our experiment. The tap coefficients 
corresponding to square root differentiation were calculated to be [0.0578, -0.1567, 0.3834, 1, -0.8288, 0.0985, -
0.0892]. The dispersion of the ~2-km-long SMF used as a dispersive medium was ~17.4 ps/(nm‧km), which 
corresponded to a time delay of ~59 ps between adjacent taps and yielded an effective FSR of ~16.9 GHz in the 
RF response spectra. Note that the device is designed for processing base-band RF signals, so the theoretical 
operating frequency range starts at DC and ends at half of the spectral range between DC and the notch centred at 
~16.9 GHz. The measured temporal waveform of a base-band Gaussian-like input signal is shown in Fig. 13(c), 
with the measured and simulated output waveforms after square root intensity differentiation presented in Fig. 
13(d). It can be seen that the measured output waveform agrees well with theory, with a RMSE of ~4.02%. 
 
Fig. 13. RF photonic square root intensity differentiator based on a Hydex micro-comb. Measured and theoretical RF (a) 
amplitude and (b) phase responses of the square root intensity differentiator. (c) Measured temporal waveform of a Gaussian-
like input pulse. (d) Measured and simulated output waveforms of the input signal in (c) after square root differentiation. 
 
IV. CHALLENGES AND LIMITATIONS 
 
While RF photonic filters and processors based on optical micro-combs do not require a high degree of phase 
coherence in order to achieve high performance, this is not the case for RF photonic oscillators, where the micro-
comb stability and coherence are crucial for the purity and signal-to-noise ratio (SNR) of the generated RF signals 
[38, 79]. Since the precise dynamic nature of micro-comb’s phase and coherence typically displays a nontrivial 
behaviour, many challenges have been faced in achieving stable and coherent micro-combs. As discussed in 
Section II, cavity solitons with phase-locked modes exhibit good stability and coherence. Here, the performance 
and behaviour of micro-combs is strongly dependent on the excitation conditions. Therefore, it is critical to find 
the optimum approach to excite cavity solitons on a CW background. Another challenge is that once a soliton state 
is formed, the power coupled into the resonator needs to be maintained constant, otherwise the solitary state is 
lost. Therefore, phase locking needs to be maintained in order for the micro-combs to operate for long periods. 
Continuous detuning of the pump from blue to red-shifted wavelengths has proven to be a winning strategy 
in searching for the excitation conditions required to achieve cavity solitons [57, 107, 154]. A significant challenge 
to implement such adiabatic cavity detuning for exciting cavity solitons stem from thermal nonlinear effects. The 
field enhancement of the micro-resonator not only lowers the energy threshold for the Kerr nonlinear effect, but 
also increases the thermo-optical dependence of the refractive index. Moreover, thermal responses are typically 
very slow [155, 156], in contrast to the ultrafast Kerr effect that underpins the mechanism for micro-comb 
generation [42]. This slow thermal response affects the steady state behaviour of the intracavity pump by 
introducing a slow dependence of the cavity detuning on pump power. 
Some previous studies have demonstrated that this thermal nonlinearity can be compensated for by a thermal-
locking method, which is typically achieved by adjusting the rate at which the power is increased in the cavity 
[36, 56, 57, 157]. This approach has been the key towards achieving stable cavity solitons in most micro-resonator 
materials that have positive thermal nonlinear coefficients. However, it has also been demonstrated that materials 
with negative thermo-optic coefficients such as CaF2 could also achieve cavity soliton states [158]. The challenge 
for this approach has been to find the sweep rate at which the residual resonator heating can be compensated for 
(after the sweep is stopped) via the temperature decrease induced by the sudden loss of intra-cavity power 
(following the transition into cavity solitons). Another problem is that the thermal-locking state is strongly affected 
by the coupling state and it often translates into a decoupling if an active stabilizing loop is not in place, which 
would shut down the OPO. For these reasons, some other approaches have been proposed to achieve stable and 
coherent micro-combs, including two-colour pumping [67, 159, 160], EO modulation control [27, 161], self-
injection locking [38, 64, 162], filter-driven FWM [28, 163, 164], integrated heaters [94, 165], and so forth [166, 
167]. 
Two-colour pumping was first investigated by Strekalov et. al. in 2009 [159]. They used two optical pumps 
in an MgF2 resonator in order to achieve better efficiency for comb generation. This approach is threshold-less 
since it does not rely on optical parametric generation or cavity MI, but on cascaded FWM. The generated pulses 
are background free, while it is still possible to find cavity solitons for such configurations. Instead of sitting on a 
constant background, the solitons are found to be superimposed on top of the threshold-less low-intensity pattern 
that is generated via FWM of the two pump modes [160]. The position of the solitons is strictly restricted by the 
stationary pattern, which effectively suppresses timing-jitter and interactions between different solitons [67].  
Parametric EO seeding was proposed by Papp et.al. to avoid a breakup of the micro-comb into various sub-
combs under certain coupling conditions [27, 161]. They experimentally investigated the properties of these kinds 
of micro-combs and found that the spacing of a micro-comb locks to the spacing of the EO modulated pump 
sidebands when the modulation frequency is close enough to the intrinsic mode spacing of the micro-resonator. 
EO control of the optical comb has also been exploited to achieve active stabilization of the comb lines, a property 
which is particularly important for high repetition rate combs that cannot be measured directly by standard 
electronic methods. In 2012, Diddams et.al. [168] demonstrated the measurement and stabilization of a micro-
comb with a mode spacing of a 140 GHz by bridging the gap between comb modes via EO sidebands. 
For prism-coupled WGM resonators such as MgF2 and CaF2 resonators, self-injection locking is an efficient 
approach to link the pump laser to a resonance of the WGM resonator [38, 64, 162]. This passive feedback 
mechanism based on resonant Rayleigh scattering of the WGM resonator was initially proposed by Liang et.al. to 
narrow the linewidth of a distributed feedback laser (DFB) with a WGM resonator [169]. A WGM resonator was 
used to filter a DFB laser, and some scattered light from the resonator was reflected back into the laser. The 
linewidth of the laser then collapsed due to self-injection locking, thus leading to light keeping within the WGM 
resonance. Now this approach has been widely employed for generation of extremely narrowband CW lasers as 
well as for the control of parametric oscillation [38, 170].  
The filter-driven FWM approach proposed by Pasquazi et al in 2012 [28] consists of having a four-port MRR 
inserted into a laser-cavity loop to induce oscillation of the pump. Here, only a single resonance of the MRR is 
accurately lined up with a resonance of the outer fibre loop cavity containing the optical gain, thus experiencing 
amplification. Therefore, the radiation is passively linked to the resonator, and further used as a pump for the OPO 
in the MRR. This is an alternative approach for coherent micro-comb generation that is based on passive laser 
mode-locking instead of an OPO, which has proven to be a viable way to self-lock the oscillation in sub-threshold 
pump oscillation for quantum correlated photon state generation [40, 41, 171]. Recently, by embedding a Hydex 
MRR into a passive mode-locked laser structure with fibre nonlinear amplifying loop mirrors (NALMs), optical 
pulses in the nanosecond regime have been achieved [31]. The pulse duration was ~4.3 ns, with an overall spectral 
bandwidth of 104.9 MHz—more than two orders of magnitude smaller than in previous reports. The very narrow 
bandwidth and strong coherence make it possible to fully characterize its spectral properties in the RF domain 
using widely available GHz-bandwidth optoelectronic components.  
Integrated heaters were recently employed by Joshi et al. [165] to assist passive thermal locking by 
implementing resonator rapid thermal tuning to achieve repeatable and systematic generation of low-noise single 
and multiple cavity soliton states. The integrated heaters allowed very fast thermal tuning of the resonances on 
time scales < 100 µs, which are very short compared to thermal relaxation times and so enable the accurate control 
of pump sweeping. Recently, an active control approach was also proposed by Yi et.al. to protect the soliton state 
against thermal drifting [166]. They used a complex simultaneous dynamic control of the pump laser frequency 
and power, within a feedback loop monitoring the average soliton output power. Using this mechanism, the soliton 
states were stabilized for long times [167]. 
Most of the current techniques for achieving mode-locking in micro-combs require sweeping the pump laser 
frequency. Therefore, the linewidth and amplitude noise of the pump strongly determines the quality of the micro-
comb, especially in terms of phase characteristics. Tunable lasers are relatively noisy and have broader linewidths 
of ~100 kHz, in contrast to the fixed-wavelength lasers with record linewidths of < 40 mHz [172] that are typically 
based on a monolithic cavity without moving or mechanical components. These lasers can be used to significantly 
reduce the noise of the micro-combs in some cases where reconfigurability is not crucial. 
As mentioned, RF photonic filters and processors based on micro-combs do not require a high degree of 
phase coherence since the combs only serve as multi-wavelength sources for the transversal filters. These RF 
photonic processors still perform well under relatively incoherent conditions. However, this is not to say that there 
are no challenges. These include the limited dynamic range and gain bandwidth of optical amplifiers, chirp and 
limited bandwidth of modulators, and tap errors incurred during comb shaping. 
The power dynamic range of an optical amplifier is the difference between the maximum power of the 
generated comb lines and the power associated with the noise floor. This parameter is very important since a 
broader power dynamic range can lead to improved accuracy of comb shaping, and therefore will decrease 
deviations between performance and theory. The power dynamic range of optical amplifiers becomes even more 
crucial as the number of taps increases. Another important parameter of optical amplifiers that affects the micro-
comb based RF photonic filters and processors is the gain bandwidth, which limits the number of available taps 
in practical applications. In general, optical amplifiers with high gain, bandwidth, and low noise floor are 
preferable in practical implementations of RF photonic filters and processors based on micro-combs. 
Since EO modulators are employed to generate replicas of the input RF signals in micro-comb based RF 
photonic filters and processors, their parameters such as chirp and modulation bandwidth affects the filtering 
shape and processing performance. EO modulator chirp introduces additional tap errors before comb shaping, and 
so a low-chirped EO modulator is desired. Like the influence of the gain bandwidth of optical amplifiers, the 
modulation bandwidth of modulators also restricts the number of available taps. Actually, due to these bandwidth 
limitations, only a small portion of the generated comb spectrum is used in Refs. [39, 153]. 
Tap errors incurred during comb shaping are induced by the instability of the micro-combs and also the 
accuracy of the waveshapers. Instability of the micro-combs also results in power variations of the comb lines. A 
real-time feedback control path was used in Ref. [153] to reduce the related tap errors. The comb line powers were 
first detected by an optical spectrum analyser (OSA) and then compared with the ideal tap weights, generating an 
error signal that was fed back into the waveshaper to calibrate the system and achieve accurate comb shaping. In 
addition, mode-locking methods adopted in the generation of stable and coherent micro-combs can also be used 
here. Like the power dynamic range of optical amplifiers, a high shaping accuracy for the waveshapers is desired 
since it can also lead to decreased deviations and improved performances in practical processing. 
 
V. CONCLUSIONS 
 
Micro-combs represent an exceptionally active field of research that has only developed in the last ten years. This 
young and fast-growing field has its roots in the pioneering development of micro-cavity technologies, starting in 
the late 1980s and experiencing significant advances in the last ten years, both for bulk and integrated resonators. 
We review the development of micro-comb based RF photonics and discuss the strong potential, as well as the 
challenges, that remain in this field. We introduce the physics underlying micro-comb generation and summarize 
a variety of photonic devices used for micro-comb generation. We review micro-comb based RF photonic devices, 
including RF photonic oscillators for microwave and MMW generation, RF photonic TTDLs for PAAs, RF 
photonic filters, and multi-functional RF photonic processors. Micro-combs bring a new generation of compact, 
low-cost, and highly efficient sources to the RF photonics community and offer enormous possibilities towards 
achieving high-performance RF signal generation, filtering, and processing.  
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